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A HISTOCHEMICAL STUDY OF POLYPHOSPHATE HYDROLASES
IN EPIDERMAL DENDRITIC CELLS*
P. A. RILEY, M.B., PHD.t
The epidermal dendritic cell population of
mammals consists of two cell types which dif-
fer in their ability to oxidise dihydroxyphenyla-
lanine (DOPA). Thus, melanocytes are recog-
nizable by the melanin product of the DOPA
reaction, while non-melanogenic branched cells
require gold impregnation or other technics to
visualize them. Melanocytes are evenly dis-
tributed at the dermoepidermal junction,
closely applied to the basal layer of the epi-
dermis, and their processes are best seen in
separated epidermal sheet preparations. In
vertical sections of normal epidermis non-
melanogenic branched cells (Langerhans cells)
are observed suprabasally with ramifying den-
drites extending between the keratinocytes,
often terminating in the transitional zone. There
is compelling evidence to believe that a close
relationship exists between meinnocytes and
Langerhans cells in the manner proposed by
Billingham and Medawar (1) in. which Langer-
hans cells are considered to be the melanogeni-
cally effete division products of the basal
melanocyte population. A model has been pro-
posed to explain certain features of the melano-
cyte-Langerhans cell relationship in terms of
their different migratory properties in which it
is suggested that Langerhans cells actively move
outwards through the epidermis (2).
Electron micrographs of suprabasal Langer-
hans cells (3, 4) suggest that these cells may
migrate between epidermal keratinocytes, pre-
sumably by disrupting their desmosomal attach-
ments, in a manner resembling transepithelial
diapedesis by leukocytes (5). Active move-
ment is also implied by the re-orientation of
dendrites from the predominantly horizontal
distribution of basal melanocytes to the verti-
cal ramifications of suprabasal branched cells.
Thus, in view of the putative involvement of
Received for publication December 20, 1965.
* The tenure of a Medical Research Council
Research Fellowship is gratefully acknowledged.Some of the work reported in this paper forms
part of a thesis for the degree of Doctor of Phi-
losophy in the University of London.
t From the Department of Dermatology, Uni-
versity College Hospital Medical School, London,
W.C. 1, England.
actomyosin-like contractile proteins in cellular
movement (6) the demonstration of an enzyme
hydrolyzing adenosine triphosphate (ATP) in
epidermal dendritic cells (7—11) is of consider-
able significance since it suggests a possible as-
sociation with cell motility. The present study
was undertaken to test this possibility by at-
tempting to define some of the histochemical
characteristics of epidermal dendritic cell
ATPase.
MATERIALS AND METHODS
Biopsy specimens of skin from Rhesus monkey,
red cavy, and albino mice were examined in addi-
tion to normal human skin obtained at operation.
Specimens were wrapped in gauze and placed in
Ringer's solution in a container surrounded by
crushed ice. As soon as possible after collection,
the material was mounted in a 5% aqueous solu-
tion of carboxymethyl cellulose and frozen for use
in the cryostat at —20°.
Sections were cut 7 thick and picked up on
coverslips. Initially a comparison was made on the
human material between air-dried, unfixed sections
and sections fixed in ice-cold formol-calcium (12)
for periods varying between one and thirty min-
utes. As the result of this experience it was found
that the most satisfactory results were obtained
after a ten-minute period of fixation and this was
therefore employed during most of this study. Sub-
stitution of glutaraldehyde for formaldehyde in
this fixation procedure was tried, but proved too
strongly inhibitory. After fixation, sections were
washed in two changes of distilled water and trans-
ferred to the incubating media.
Solutions were prepared in 0.05 M acetate buffer
at pH 5.4 and 6.5 containing the substrate and lead
nitrate (final molarity 2.5 X 102). At pH 72 a
0.02 M tris-buffered incubating medium contain-
ing 3.6 >< 10 molar lead nitrate was used. At pH
9.4 a (0.05 molar) barbital-buffered substrate solu-
tion containing calcium chloride (2 X 10 M)
was employed.
The substrates investigated were sodium fi-
glycerophosphate, glucose-6-phosphate, soluble ri-
bonucleic acid (from yeast), the mono-, di-, and.
triphosphates of adenosine, cytidine, guanosine,
uridine, and inosine, and thiamine diphosphate.
Sufficient of these substrates was added to the
media to give final concentrations of 1 to 3 X 10
M, with the exception of soluble RNA which was
present in 10 molar concentration. Control sec-
tions were in this case incubated in ATP of the
same molarity.
The effects of the following substances were in-
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vestigated by adding them to ATP incubating
media in the final concentration shown:
Cotions: potassium chloride 10 M, 5 >< 10 M,
lithium acetate l0' M, magnesium chloride 10W',
l02, 10 M, calcium chloride 1.5 X 10 M.
Sulfhyclryl reagents: iodoacetate 10 M, N-
ethyl maleimide (NEM) 10i, 10, 10 M, p-
chloromercuribenzoate (PCMB) 2.5 )< 5 )<
10, l0 14.
Other ogents: amobarbital sodium 10i M, so-
dium aside 102 M, Antimycin A 0.02%, sodium cya-
nide 10i M, 2,4 dinitrophenol 10_i M, dextrose 0.5
M, flavine adenine dinucleotide 10_i M, Grami-
cidin 0.1%, insulin (soluble) S units per ml, and
ouabain (strophanthin G) 10_i, 10_i, 10i, 10 M.
Pre-incubations in phosphate buffered (0.1 M
pH 7.4) solutions of promethazine hydrochloride
10, 10, 10_i M and somatotrophin 2.5 units per
ml were made as these substances were unstable
when included in the incubating medium at pH
9.4.
After incubation at 37° in the substrate media
the products of hydrolysis were visualized by the
metal sulfide procedure. Sections incubated in lead-
containing medium were washed in distilled water
aod placed for 15 seconds into dilute yellow am-
monium sulphide, washed in tapwater and mounted
on slides in water-mounting medium. Material in-
cubated in Padykula and Herman (13) medium io
which phosphate is precipitated as calcium phos-
phate was treated for 30 seconds in 2% cobalt ace-
tate prior to being washed and developed in am-
monium sulfide for inspection.
RESULTS
Human Skin
Localization of the reaction product of dif-
ferent substrates. When monophosphate sub-
strates were employed in the alkaline range
three histologically distinct skin structures
became stained by reaction product; the inner
root sheath of hair follicles, dermal blood ves-
sels, and the transitional zone of the epidermis.
In the acid range the transitional zone was
strongly positive and the whole epidermis
showed punctate reaction product at pH 5.4.
At this pH some activity was also present in
dermal cells.
With the exception of thiamine diphosphate
the di- and tn-phosphate substrates tested
showed similar localization. In the acid range
sections incubated in calcium-containing medium
showed activity in blood vessels, the transi-
tional zone and slight activity in fibroblasts. In
the neutral range activity was also present in
epidermal dendritic cells. Except for the transi-
tional zone all these sites displayed greatly in-
creased activity in pH 9.4 medium, and at this
pH punctatc reaction product was frequently
also present in epidermal cells.
Thiamine diphosphatase reaction product
was present in blood vessels in the acid and
neutral range. At pH 9.4 blood vessels, fibro-
blasts and epidermal dcndritic cells were visu-
alized. Activity in blood vessels was confined to
large arterioles, and cells stained by the prod-
uct of TPPase activity showed the product to
be less widely distributed in the cell. This was
particularly evident in epidermal dendritic
cells where the degree of activity manifested by
basally sited cells was much greater than in
suprabasal cells which is the reverse of the
appearances when other polyphosphate sub-
strates were employed. With nucleoside di-
and triphosphates the product of hydrolysis was
widely distributed throughout the cells, and
suprabasal cpidcrmal dendritic cells were well
visualized with reaction product outlining the
slender dendrites extending upwards and ter-
minating in relation to the transitional zone.
This finding is in agreement with those of
previous workers who have found nucleoside
phosphatase activities other than ATPase in
Langerhans cells (5) (14). GTP and GDP
reaction product was less dense than the re-
mainder but showed the same distribution pat-
tern as other polyphosphate substrates. No
reaction product was formed when soluble
RNA was used as substrate in pH 9.4 medium,
whereas control material in equimolar ATP was
positive.
Fixation. Unfixed material incubated in ATP
at pH 7.2 and 9.4 showed uniformly increased
density of reaction product in epidermal den-
dritic cells and fibroblasts compared with for-
mal-calcium fixed sections, and fixed sections
were progressively less stained as the fixation
time was prolonged. After 40 minutes fixation
in icc-cold formol-calcium no activity was de-
tected in sections incubated for 2 hours in ATP
medium at 9.4. Ten-minnes fixation, while it
diminished the ATPase activity, gave clearer
localization of the distribution of the product.
Ten minutes fixation in glutaraldehyde-cal-
cium (glutaraldehyde = 6.5%) under the same
conditions was totally inhibitory to all ATPase
activity except that in dermal blood vessels and
in mouse liver which was included as control
material.
Effect of cations on ATPose. The addition of
potassium or lithium to the incubating me-
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Fio. 1. Normal human skin incubated for 2 hours in ATP (9.4) medium showing distribu-
tioa of reaction product in suprabasal cells. The fine dendrites are well demonstrated: on the
left of the picture a process is shown terminating in a triangular "button". (X 1200)
Fm. 2. Section of same specimen as Fig. 1 incubated for 4 hours in thiamine diphosphate
at pH 9.4. The distribution of product differs from the material incubated in ATP. (x 900)
dium was without effect on ATPase activity
in dendritic cells throughout the tested pH
range (5.4, 6.5, 7.2, 9.4) and similarly rio de-
tectable difference from controls was observed
in material which was pre-ineubated at 24° for
30 minutes in 0.6 M KC1 or 1.5 M lithium
acetate prior to incubation in ATP medium.
The inclusion of calcium in the incubat-
ing media at pH 5.4, 6.5, and 7.2 resulted in a
marked increase in ATPase activity. This was
most noticeable in blood vessels and fibroblasts
at pH 5.4, there being relatively little reac-
tion product in epidermal dendritic cells at
this pH even after 3 hours incubation. At pH
6.5 several dendrites showed ATFase activity
and at 7.2 dcndritic cells were well visualized
while in the corresponding controls, incubated
for the same time, 110 activity was demon-
strated. It was not possible to investigate the
effect of calcium on the alkaline ATFase reac-
tion since at pH 9.4 calcium is used in the
medium as a reagent to capture liberated
phosphate. Sections incubated in calcium-
ATP medium made up in buffer at pH 7.2
instead of 9.4 failed to show any reaction
product in dcndritic cells, but at pH 7.8 cal-
cium phosphate was sufficiently insoluble to
show some activity.
Magnesium chloride added to the incubating
media also produced activation of ATPase in
S
Fios. 3—6. Normal human skin incubated in ATP (9.4) medium showing dendrites extend-
ing in a plane vertical to the skin surface. (ca. >< 828)
Fm. 7. Normal human skin incubated in TPP (9.4) medium for 3 hours showing the cir-
cumscribed localization of product in suprabasal cells. (X 1000)
Fm. 8. Comparable section incubated in ADP at pH 9.4. Reaction product is present in
dendrites. There is also some punctatc activity in epidermal cells, possibly of mitochondrial
origin. (x 1200)
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no apparent stimulation of ATPase iu dermal
arterioles or fibroblasts. At pH 7.2 activity in
blood vessels and fibroblasts was greatly stim-
ulated in magnesium-containing medium com-
pared with controls and cpidcrmal dendritic
cells were visualized. These latter cells, how-
ever, showed considerably less reaction product
than those incubated for similar periods in
calcium-containing medium at neutral pH.
The inclusion of magnesium chloride in the
calcium-ATP medium at pH 9.4 was without
detectable effect on the reaction at concentra-
tions below 102 M. Above this figure the
reaction product was reduced and in the pres-
ence of 101 M magnesium chloride no reac-
tion product was found, presumably due to
competition between the divalent cations for
the phosphate released by hydrolysis of the
substrate and magnesium phosphate, being
relatively soluble at pH 9.4, remaining in solu-
tion and negating the capture reaction with
calcium.
Effect of sulfhydryl reogents. Malcimide
and iodoacetate in 10' M dilution were without
observable effect on ATFase activity at pH 7.2
and 9.4. In the acid range, in the presence of
calcium, increased staining of dendrites by
ATP reaction product occurred, while 1O and
102 molar NEM proved inhibitory when
added to all the ATP media, and this inhibi-
tion was prevented by cquimolar amounts of
L-cysteine added to the solution. At pH 9.4
inosine triphosphatase activity was unaffected
by 10 M NEM, and the presence of 10 M
maleimide appeared more active than ATPase
under the same conditions. Some inhibition of
ITPase was evident in the presence of 1O M
NEM at pH 9.4 in comparison with controls
but was difficult to assess in relation to ATPase
activity. Pre-incubation of sections in aqueous
solutions of NEM 102, 10, 10 M at room
temperature for 15 minutes delayed the first
appearance of ATF and ITP reaction prod-
uct compared with water-treated controls
but otherwise no constant effect was observed.
PCMB 10, 10', and 5 x 10 M added to
ATF medium at pH 9.4 was without appar-
ent effect on the reaction product. Total in-
hibition of dendritic cell ATPase activity oc-
curred when sections were incubated in the
presence of 2.5 x 102 M PCMB and pre-
pH 9.4 in media containing ATP CTP, UTP, ITP, incubation in this concentration of PCMB for
and GTP respectively. (x 190) 15 minutes at room temperature resulted in the
comparison with control material. At pH 5.4
activity was present in dendrites of epidermal
branched cells and this was more marked at 6.5.




absence of reaction product at 1% hours in-
cubation in ATP medium. This inhibition was
reversed by tbe inclusion of 2.5 x 10 M L-
cystcine in tbc medium or by treating sec-
tions pre-incubated in PCMB with cysteinc
for 2 minutes prior to incubation. Pre-incuba-
tion in 0.025 M PCMB also inhibited the
formation of product in dendritic cells in
material incubated at pH 9.4 in media con-
taining ADP and ITP and in calcium-con-
taining ATP medium at pH 7.2.
Other agents. Amobarbital sodium 102 M
included in ATP (7.2 and 9.4) medium was
without effect on the formation of reaction prod-
uct in cpidermal dendritic cells in compari-
son with controls. Sodium azide 102 M was,
however, found to be inhibitory, the density of
reaction product being reduced in ATP (9.4)
medium. Antimycin A was without effect on
ATPasc activity at 9.4, while cyanide 102 M
appeared to stimulate this activity and sec-
tions incubated at pH 9.4 in the presence of
cyanide constantly displayed increased density
of reaction product in comparison with con-
trols. 2,4 Dinitrophenol-treated sections incu-
bated in ATP were unaffected in comparison
with material incubated in calcium-containing
ATP medium at pH 5.4, slightly more active at
pH 6.5, greatly reduced at pH 7.2, and slightly
reduced in activity at pH 9.4. Tn ATP (7.2) me-
dium even the activity in fibroblasts and blood
vessels which was evident in controls incubated
in calcium-free medium was absent in sections
incubated for 3 hours in medium containing
DNP l02 M. Neither dextrose nor flavinc
adcninc dinucleotide (FAD) affected the ATPase
reaction at pH 9.4. FAD and also nicotinamidc
adcninc dinucleotide (NAD) and NADP (3 ><
10' ikI) were tested as potential substrates in
the pH 9.4 medium but were not hydrolyzed by
the dendritic cell enzyme. Gramieidin, insulin
and ouabain were without effect on the genera-
tion of reaction product in epidermal dcndritic
cells incubated in ATP (9.4) medium. Timed
ineubations showed no difference from controls
in the time of first appearance of reaction prod-
uct or in its subsequent intensification. Prc-
incubation in somatotrophin similarly did not
alter the ATPase reaction at pH 9.4, but 15
minutes pre-ineubation in promethazine hy-
drochloride 10 M greatly reduced the den-
sity of final reaction product. No effect was
observed in material pre-ineubated in pro-
Fm. 14. Albino mouse tail skin incubated in
ATP (9.4) medium for 2 hours showing ATPase
activity in a suprabasal dendritic cell. Punctate
activity in epidermal keratinocytes is also shown.(x 610)
methazine in greater dilution. Tests using
ADP, GTP, TJTP, TTP, and CTP as sub-
strates at pH 9.4 gave the same results.
Other Species. All the results given above
are referable to normal human skin. ATPase
activity in cpidermal dendritic cells was found
also in the Rhesus monkey, as previously re-
ported by 1mm and Montagna, (15) and in red
cavy skin. In albino mouse skin ATPase posi-
tive suprabasal dendritie cells were demon-
strable only in skin which had been trauma-
tized for several days by compression under
adhesive plaster applied to the tail.
nIScUSsION
From the data presented, a ease may be
made for considering thiamine diphosphatase
and nucleoside polyphosphatase as represent-
ing separate cnzymic activity on the basis of
their different distribution both between basal
and suprabasal elements of the epidermal
dcndritic cell population and, as far as
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can be ascertained by light microscopy, within
these cells. TPP reaction product was less
widespread in the cells; for example no den-
drites were demonstrated, and most of the ac-
tivity was present in basal dendritie cells. In
contrast, nucleoside polyphosphate reaction
product was distributed widely throughout the
cell and activity was greatest in suprabasal
dendritie cells. This argument is strengthened
by the fact that an enzyme hydrolyzing nueleo-
side diphosphates and having no TPPase ac-
tivity has been separated and purified by
Novikoff and Heus (16) from rat liver, and
Allen (17) has shown an enzyme from rat epi-
dymis separated by starch gel eleetrophoresis
which under histochemieal conditions at pH 9.4
hydrolyses TPP but has slight activity towards
CTP and none towards other nucleoside poly-
phosphate substrates.
The results of the hydrolysis of nueleoside
polyphosphates by dendritie cells did not per-
mit any valid distinction to be made with re-
gard to localization or the density of reaction
product. The term nueleoside polyphosphatase
(NPPase) has, therefore, been employed to
embrace this activity although it is not in-
tended to be prejudicial to the identity of the
enzyme or enzymes involved in the production
of free phosphate from these substrates. For
example, it is argued below that the histo-
chemically demonstrated properties of den-
dritie cell ATPase are in close accordance with
data relating to myosin-ATPase which does not
hydrolyze diphosphate substrates. It is possi-
ble, however, that nueleoside diphosphates are
converted to triphosphates by a myokinase
catalyzing the reaction:
2 NDP -* NTP + NMP.
Unfortunately the properties of myokinase
(18) too closely correspond to those of myo-
sin-ATPase to enable their activity to be
separated by the methods used in this study.
Another possibility is presented by the closely
similar intracellular distribution of phosphohy-
drolases with activity against nueleoside di-
phosphates and triphosphates respectively
which has been demonstrated in a large num-
ber of cell types (19, 20). No data regarding
intracellular localization of NPPase are pre-
sented here, and further studies with the elec-
tron microscope have been undertaken. It is
perhaps noteworthy that Nakai (21) has
shown ATFase activity localized in the cell
membranes of hamster melanoma cells in-
cubated in Wachstein-Meisel (22) medium.
In the evaluation of the biochemical findings
regarding dendritie cell ATPase as demon-
strated histochemieally in this study three
shortcomings of this method must be consid-
ered. First, in dealing with biochemistry at the
gross cellular level there is the possibility of
demonstrating several enzymes catalyzing sim-
ilar reactions or linked reactions, as has al-
ready been mentioned. Secondly, because of
the insensitivity of estimating differences in
enzyme activity by the appearance of the reac-
tion product, very great degrees of activation
or inhibition are required to be reliably in-
terpreted. Thirdly, the histoehemieal teehnies
themselves incorporate features which may
modify the results, as for example, differences
in efficiency of coupling reactions with variation
of pH or substrate solution, or the effects of
the reactants in the solution on the enzyme
being demonstrated. Within these limitations
there is good agreement between certain features
of epidermal dendritic cell ATPase and muscle
ATPase preparations. Stimulation of myosin-
ATPase in the presence of calcium and magne-
sium ions (23) corresponds to the findings re-
ported here, and the inhibition resulting from
treatment with sulfhydryl blocking reagents has
been shown both biochemically (24, 25) and his-
toehemically (26), together with the demonstra-
tion of the reversibility of this action.
In the present study no initial activation of
ATPase was shown with the exception of sec-
tions incubated in pH 6.5 medium containing
10 M maleimide. In all other eases either no
effect was apparent or ATPase activity was
inhibited despite an optimum pH of 7.8 for the
activation effect (27). A possible explanation
for these findings is suggested by the work of
Gilmour and Gellert (28) who found that the
initial stimulation of their myosin A prepara-
tion by —SH titration with PCMB was great-
est in the presence of high concentrations of
myosin (1 mgm/ml) and furthermore became
reversed during ineubations lasting 3 hours or
more, this inhibition being accelerated in the
presence of substrate. They interpret these re-
sults in the light of a rearrangement of IPCMB
on the enzyme molecule blocking the active site.
Similarly DNP stimulation was observed
only in ATP medium at pH 6.5, the remainder
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being inhibited. This is at variance with the
reported stimulation of myosin ATPase by
dinitrophenol (29, 30), although the myofibril-
lar ATPase preparation of Chappell and Perry
(31) was not stimulated by DNP in the absence
of potassium.
The inhibition of ITPase activity at low
concentratiOns of NEM is consistent with the
double —SR binding site model of myosin
ATPase (32), but the observed increase in
ITPase activity in medium containing 10 M
NEM remains unexplained.
Although the pH dependence of ATP hy-
drolysis by calcium activated myosin (33) cor-
responds closely to that reported in this study,
the biochemical validity of the greater ac-
tivity of dendritic cell NPPase seen at pH 9.4 is
questionable since the histochemical media dif-
fer at different pH and it is conceivable that
lead ions in the acid and neutral media are
inhibitory, for example Greville and Needham
(29) have shown that myosin ATPase is in-
hibited by Ag in low concentrations. Pady-
knla and Gauthier (26) have, however, shown
that the activity of rat diaphragm myofibril-
lar ATPase under histochemical conditions is
greatest at pH 9.4 and that this enzyme is
—SH dependent and inhibited by formalin, find-
ings which correspond with those reported here
for the dendritic cell enzyme.
The significance of the activation by cyanide
and inhibition by azide of dendritic cell
ATPase is not clear. Possibly cyanide may
combine with heavy metals present in the
tissues which might be inhibitory and azide
may block oxygen exchanges which have been
shown to occur with the medium (34).
To summarize briefly, the evidence for the
tentative identification of epidermal dendritic
cell ATPase as an enzyme of the myosin type
rests on the similarity of (1) the effects of
divalent cations in modifying enzyme activity,
(2) sulfhydryl dependence, (3) sensitivity to
fixation and optimum pH for histochemical
activity.
In the controversial field of the multiplicity
of cellular ATPases there does seem to be a
place for mechanochemical systems as the re-
cent isolation of actomyosin-like proteins from
mitochondria and red cell membranes (35, 36,
37, 38) has shown. Moreover, there is a con-
siderable body of evidence which suggests
that such systems are implicated in cell move-
ment (6, 39—42).
The observed differences in NPPase activity
which were found in suprabasal dendritic cells,
basal dendritic cells, and epidermal keratino-
cytes which enable the clear demonstration
of Langerhans cells, are parallel to the postu-
lated differences in motility of these cells and
thus are consistent with the suggestion that
the two are related.
SUMMARY
Two polyphosphate hydrolases are dis-
tinguished in epidermal dendritic cells: (1)
Thiamine diphosphatase which is most active
in basal dendritie cells, and (2) Nucleoside
polyphosphatase which is most active in supra-
basal dendritic cells.
The conditions of ATP hydrolysis by den-
dritie cells have been investigated and shown
to correspond with those of myosin-ATPase
in respect of (a) activation by divalent cat-
ions, (b) sulfhydryl dependence, (c) p11 op-
timum.
It is suggested that nuelcoside polyphos-
phatase activity in epidermal dendritic cells
reflects the activity of an actomyosin-like
mechanism bringing about cellular motility.
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